Abstract: Here, we propose a polarization-independent wavelength-tunable first-order fiber comb filter based on a polarization-diversified loop configuration. The proposed filter is composed of a polarization beam splitter, two equal-length high birefringence fiber (HBF) segments, three half-wave retarders (HWRs), and two quarter-wave retarders (QWRs). Among these five wave retarders (WRs), a group of an HWR and a QWR is located in front of each HBF. The third remaining HWR is positioned after the second HBF segment and utilized to adjust the effective orientation angle of this HBF. On the basis of the filter transmittance derived through Jones formulation, orientation angle sets of the five WRs, which can induce an arbitrary phase shift from 0 to 2π in the transmittance function, are found at both flat-top and narrow band transmission spectra. From theoretical transmission spectra obtained at eight selected orientation angle sets of the five WRs, which cause phase shifts increasing linearly from 0 to 7π/4 by a step of π/4, it is confirmed that the flat-top or narrow band comb spectrum can be continuously tuned by properly controlling the WR orientation angles. Then, this theoretical prediction is verified by experimental demonstration. In particular, the spectral evolution of the output states of polarization (SOPs) of the third HWR, the last one of optical components contained within the polarization-diversified loop, is investigated on the Poincare sphere. The relationship of the passband shape and wavelength tuning with the spectral evolution of the SOP is also discussed.
Introduction
To date, much efforts have been made on fiber comb filters that can process optical signals or block unwanted signals causing crosstalks in wavelength-routed optical networks owing to their simple structure, ease of fabrication, and good fiber compatibility. They can be applied to multiwavelength lasing or switching [1] , [2] , microwave signal processing [3] , [4] , optical label switching [5] , [6] , optical pulse train generation [7] , etc. Absolute wavelength tuning of passbands of a comb filter is highly required for extracting or rejecting the desired wavelength component in wavelength-division multiplexed optical systems. There have been plenty of studies to realize continuous wavelength tunability in a comb filter by utilizing a Sagnac birefringence interferometer (SBI) [8] , [9] , a MachZehnder interferometer (MZI) [10] , [11] , a Lyot-type birefringence interferometer [12] , [13] , and a polarization-diversified loop configuration (PDLC) [14] - [18] . Comb filters based on the PDLC [19] , [20] offer more efficient and flexible wavelength switchability and tunability compared with other schemes mentioned above [14] - [18] . For a PDLC-based zeroth-order comb filter, which incorporates one high birefringence fiber (HBF) segment as a birefringent element (BE), a continuous wavelength tuning scheme was reported using some wave retarder (WR) combinations such as a set of a half-wave retarder (HWR) and a quarter-wave retarder (QWR), a set of a QWR and an HWR, and two QWRs [15] , [18] . The angular rotation, or the orientation angle control, of WRs in these WR combinations can lead to an additional phase change of 0 to 2π to the sinusoidal transmittance function of the zeroth-order comb filter. A PDLC-based first-order comb filter, implemented by combining two segments of HBF in a special way in terms of their angular orientation and fiber length, can offer useful and peculiar transmittance functions with flat-top or narrow passbands. Several PDLCbased first-order comb filters were proposed using Solc-and Lyot-type BE combinations [21] , [22] . On top of that, wavelength interleaving, that is, half-period frequency switching of an interference comb spectrum, was also achieved in a flat-top or narrow band mode of the PDLC-based first-order comb filter by varying the orientation angles of WRs within the filter [21] - [23] . Recently, continuous wavelength tuning of a PDLC-based passband-flattened comb filter was realized by controlling the orientation angles of four WRs, two of which were located in front of each HBF [24] . Azimuth angle adjustment of the four WRs could provide synchronous modulation of an additional phase difference of 0 to 2π between two orthogonal modes of each HBF for two HBF segments. However, one HBF segment should be connected to one port of a polarization beam splitter (PBS) with an orientation angle offset of 22.5°, which requires a minute and cumbersome coupling process. Moreover, although this filter was a form of the first-order comb filter, continuous tuning of narrow band spectra, beneficial to many practical applications, was not suggested. In particular, there was no polarizationindependent first-order fiber comb filter, which could offer continuous wavelength tunability in both flat-top and narrow band transmission spectra without consideration of the azimuthal orientation of HBF. In this paper, we report a continuously wavelength-tunable polarization-independent firstorder fiber comb filter based on the PDLC. The proposed filter consists of a four-port PBS for constructing the PDLC, three HWRs, two QWRs, and two equal-length HBF segments. A group of an HWR and a QWR is located before each HBF segment, and the remaining HWR follows the last HBF segment. As far as we know, our filter is the first implementation of a polarization-independent first-order comb filter, which can offer continuous wavelength tunability in first-order spectra such as flat-top and narrow band comb spectra without costly birefringence modulators [16] , [25] . First, eight azimuthal angle sets of the five WRs, at which a phase shift linearly increasing from 0 to 7π/4 with a step of π/4 can be added to the first-order transmittance function, are found on the basis of the filter transmittance obtained using Jones matrix formulation. Theoretical transmission spectra displayed at the eight selected azimuthal angle sets of the five WRs, which give additional phase shifts of 0, π/4, π/2, 3π/4, π, 5π/4, 3π/2, and 7π/4, clearly show that first-order comb spectra such as flat-top and narrow band ones can be wavelength-tuned by appropriately setting the WR angles. These theoretical transmission spectra are experimentally demonstrated. It is also experimentally verified that a WR angle set, at which an extra phase retardation from 0 to 2π is put on the transmittance, can always be found, that is, the filter transmission spectrum can be continuously frequency-shifted by properly adjusting the WR angles. Furthermore, the spectral evolution of the output state of polarization (SOP) of light emitting from the last HWR, the last one of the optical components contained within the polarization-diversified loop, is investigated for the eight selected WR angle sets in both flat-top and narrow band modes using the Poincare sphere. The relationship of the passband shape and the wavelength tuning of the comb spectrum with the above SOP evolution is also discussed. 
Principles of Operation
As shown in Fig. 1(a) , the proposed filter consists of a four-port PBS, two equal-length HBF segments (denoted by HBF 1 and HBF 2), three HWRs (denoted by HWR 1, HWR 2, and HWR 3), and two QWRs (denoted by QWR 1 and QWR 2). In terms of the WRs, a set of an HWR and a QWR (HWR 1 and QWR 1) is located before HBF 1, and the other set (HWR 2 and QWR 2) before HBF 2. The remaining HWR (HWR 3) lies behind HBF 2. This WR set (a group of HWR 1 and QWR 1 or HWR 2 and QWR 2) controls the effective phase difference between fast and slow axes of each HBF (HBF 1 or HBF 2, respectively) and the relative angular difference between two HBF as well. HWR 3 plays a role of adjusting the effective orientation angle of HBF 2. An input beam entering port 1 of the PBS is separated into two linearly polarized beams with orthogonal polarization, i.e., linear horizontal polarization (LHP) and linear vertical polarization (LVP), which propagate along the fiber loop of the filter in clockwise (CW) and counterclockwise (CCW) directions, respectively. When an HBF segment sandwiched by two linear polarizers is considered, an interference spectrum is generated due to the phase retardation difference (= 2πBL/λ) between fast-and slow-axis modes of HBF, where B, L, and λ are the HBF birefringence, HBF length, and wavelength in vacuum, respectively. An additional phase difference added to the above phase difference moves this comb spectrum in the wavelength domain, which can be realized by varying the effective birefringence of HBF with some WRs [14] . Fig. 1(b) shows the propagation path of light introduced into the filter. Basically, input beams coming out of ports 2 and 3 of the PBS are linear horizontally and vertically polarized and propagate along CW and CCW paths, respectively. It is assumed for convenience that the horizontal and vertical axes of the PBS are designated as x-and y-axes in Fig. 1(b) , respectively. In the case of the CW path, an input beam passes through a linear horizontal polarizer (x axis), HWR 1 (with its slow axis oriented at θ H 1 with respect to the x axis), QWR 1 (θ Q 1 oriented), HBF 1 (θ B 1 oriented), HWR 2 (θ H 2 oriented), QWR 2 (θ Q 2 oriented), HBF 2 (θ B 2 oriented), HWR 3 (θ H 3 oriented), and a linear horizontal analyzer (x axis) in turn. Similarly, in the case of the CCW path, an input beam sequentially propagates through a linear vertical polarizer (y axis), HWR 3 (−θ H 3 oriented), HBF 2 (−θ B 2 oriented), QWR 2 (−θ Q 2 oriented), HWR 2 (−θ H 2 oriented), HBF 1 (−θ B 1 oriented), QWR 1 (−θ Q 1 oriented), HWR 1 (−θ H 1 oriented), and a linear vertical analyzer (y axis). Here, F and S indicate the fast and slow axes, respectively, of BEs including WRs and HBF. In both CW and CCW paths, an interference spectrum with the same free spectral range (FSR) is created by polarization interference, but the insertion losses (ILs) of these two spectra are different according to the input polarization of the filter [14] . As the above mentioned two interference spectra, whose SOPs are LHP and LVP, are orthogonally polarized, one can come up with the output spectrum of the filter using the arithmetic sum of these two spectra. Because an arbitrary SOP can always be represented by the superposition of LHP and LVP, therefore, the output spectrum is independent of input polarization [14] .
In a polarization-interference-based comb spectrum created in one HBF segment inserted between two polarizers, its transmittance function determining the fringe spectrum is expressed as a sinusoidal function of , or a + bcos (where a and b are real values), which is called the zerothorder transmittance. If the number of HBF segments utilized to generate polarization interference is greater than an integer p (ࣙ2), a transmittance function can include terms such as cosp , cos(p − 1) ,. . ., and cos and is called the (p−1)th-order transmittance [26] . The zeroth-order comb spectrum can be frequency-shifted by modifying the effective birefringence of HBF, that is, giving a supplementary phase difference φ to the phase difference of HBF itself [18] . By the same token, for the spectral tuning of the first-order comb spectrum, an extra phase difference φ should be added to of each HBF simultaneously. For example, when one wants to tune a narrow band comb spectrum, a representative transmission spectrum of the first-order comb filter, the effective phase difference of each HBF segment should be + φ with the effective orientation angles of HBF 1 and HBF 2 to be 22.5°and −22.5°, respectively, as shown in Fig. 1 (c). These two effective orientation angles of HBF 1 and HBF 2 can be obtained from the narrowband transmittance of a classical Solc filter, specifically, the transmittance of the folded Solc filter [27] . This effective modulation of the phase difference ( ) and orientation angles (θ B 1 and θ B 2 ) can be done by controlling the input SOP (SOP in ) of each HBF and the azimuthal angle of HWR 3. The above SOP in control can be performed using a WR combination of an HWR and a QWR per each HBF. When φ increases from 0 to 2π, the narrow band comb spectrum mentioned above shifts toward a longer wavelength region by one FSR. In other words, the comb spectrum is tuned over a full wavelength range.
In order to derive the theoretical transmittance t of the filter, two Jones transfer matrices T CW and T CCW [28] , given by Eqs. (1) and (2) and obtained for the CW and CCW paths shown in Fig. 1(b) , respectively, are utilized. In this mathematical formulation, any ILs of optical components comprising the filter are not considered. It is also assumed that the WRs have constant phase difference values independent of wavelength.
where 
, and θ H 3 for the x axis, respectively. The filter transmittance t shown in Eq. (3) can be derived from Eqs. (1) and (2) with respect to arbitrary input polarization [14] .
where
. In Eq. (3), θ H 1 , θ H 2 , and θ H 3 have an angle symmetry of 90°, and θ Q 1 and θ Q 2 an angle symmetry of 180°. Two representative first-order transmittances such as flat-top and narrow band ones (t flat and t narrow ) can be obtained from this transmittance t, which are given by Eqs. (4) and (5), respectively. The additional phase difference φ in Eqs. (4) and (5) determines the absolute wavelength position of the flat-top and narrow band transmission spectra, respectively.
To figure out theoretical conditions for the continuous wavelength tuning of the two transmittances t flat and t narrow , the azimuthal angles of the five WRs, or (θ
, which can introduce an arbitrary phase difference φ from 0 to 2π into the transmittance function (t flat or t narrow ), are quantitatively examined by comparing Eq. (3) with Eq. (4) or Eq. (5). Fig. 2(a) shows five WR angles (θ H 1 , θ Q 1 , θ H 2 , θ Q 2 , θ H 3 ) with respect to φ (from 0 to 2π with a step of π/180), which are found for the continuous frequency tuning of the flat-top band transmittance function t flat in Eq. (4). With increasing φ, θ H 1 and θ Q 1 show similar alternating patterns, that is, decrease first, then increase, and finally decrease again. However, they are not sinusoidal functions of φ. θ H 2 is a linear curve, and θ Q 2 and θ H 3 are constants, given by 75°and 3.75°, respectively, for all φ. θ H 1 and θ Q 1 are bounded in −11.4°< θ H 1 < 21.4°and −12.5°ࣘ θ Q 1 ࣘ 32.5°, respectively, and θ H 2 monotonically increases with φ, starting from 42.5°and ending up with 132.5°. These angle values of (θ
for φ (from 0 to 2π) are obtained at the fixed azimuthal angles of HBF 1 and HBF 2, i.e., θ B 1 = 10
• and θ B 2 = 30
• because they directly depend on θ B 1 and θ B 2 . Fig. 2(b) shows the locus of (θ H 1 , θ Q 1 , θ H 2 ), which is plotted for φ (from 0 to 2π) at θ B 1 = 10
• and θ B 2 = 30 • in the Cartesian coordinate system of θ H 1 , θ Q 1 , and θ H 2 , using θ H 1 (φ), θ Q 1 (φ), and θ H 2 (φ) in Fig. 2(a) . The point of WR angles (θ H 1 , θ Q 1 , θ H 2 ) on this helical locus moves from right to left with the increase of φ (from red to blue markers). The inset of Fig. 2(b) shows the projection of this locus on the θ H 1 − θ Q 1 plane, which is an elliptical trace of (θ H 1 , θ Q 1 ). The point of (θ H 1 , θ Q 1 ) on this elliptical trace makes a CW revolution along the trace, starting at (16.25°, 10°), while φ increases from 0 to 2π. This elliptical locus of (θ H 1 , θ Q 1 ) is governed by the following Eqs. (6) and (7), whose detailed derivation can be found in our previous study [24] .
Similarly, Fig. 2(c) shows five WR angles (θ
• for the wavelength tuning of the narrow band transmittance function t narrow in Eq. (5). With the increase of φ, θ H 1 and θ Q 1 also alternate over φ, and they are bounded in 33.6°< θ H 1 < 66.4°a nd −12.5°ࣘ θ Q 1 ࣘ 32.5°. Contrary to the case of the flat-top band mode, however, they increase first, then decrease, and finally increase again. That is to say, the two curves of θ H 1 (φ) and θ Q 1 (φ) have a π phase difference compared with those of the flat-top band mode. θ H 2 linearly increases with φ from −2.5°to 87.5°, and θ Q 2 and θ H 3 are 75°and 3.75°, respectively. The locus of (θ H 1 , θ Q 1 , θ H 2 ) plotted using the three curves of θ H 1 (φ), θ Q 1 (φ), and θ H 2 (φ) in Fig. 2(c) is shown in Fig. 2(d) . In the same way, the point of (θ H 1 , θ Q 1 , θ H 2 ) on this locus moves from right to left with increasing φ (from red to blue markers). An elliptical trace of (θ H 1 , θ Q 1 ) shown in the inset of Fig. 2(d) indicates the projection of this helical locus on the θ H 1 − θ Q 1 plane. Similarly, the point of (θ H 1 , θ Q 1 ) on this elliptical trace also makes a CW revolution along the trace as φ changes from 0 to 2π. However, it starts the revolution at (38.75°, 10°), that is, this ellipse is of a center point symmetry with the ellipse in the inset of Fig. 2(b) if a 45°offset of θ H 1 is ignored. This implies that, in terms of the adjustment of θ H 1 and θ Q 1 , the continuous tuning scheme of the narrow band comb spectrum is actually the same as that of the flat-top band one, except for a different starting point, which is distant by φ of π and θ H 1 of 45°from the original starting point of the flat-top band mode. For example, the starting point (16.25°, 10°) (at φ = 0) in the inset of Fig. 2(b) in the flat-top band mode is changed into (−6.25°, 10°) first and then (−6.25°+ 45°, 10°) = (38.75°, 10°) in the narrow band mode. In brief, it is clearly seen from Fig. 2 that a WR angle set (θ H 1 , θ Q 1 , θ H 2 , θ Q 2 , θ H 3 ) can always be found for any φ that increases from 0 to 2π with a step of π/180 in both flat-top and narrow band modes. It can also be confirmed that the same locus is obtained in each figure even for φ with a finer step < π/180, which proves that the proposed filter can provide the continuous wavelength tuning of the first-order transmittance function. Table 1 shows the eight selected sets of the WR angles (θ H 1 , θ q1 , θ H 2 ) for the wavelength tuning of first-order transmission spectra, which are designated as Sets I, II, III, IV, V, VI, VII, and VIII. These eight sets in both flat-top and narrow band modes give φ in Eqs. (4) and (5) the values of 0, π/4, π/2, 3π/4, π, 5π/4, 3π/2, and 7π/4 in turn, respectively. That is, if the FSR is denoted by λ, first-order comb spectra, or flat-top and narrow band comb spectra, are wavelength-shifted by λ/8, λ/4, 3 λ/8, λ/2, 5 λ/8, 3 λ/4, and 7 λ/8 at Sets II, III, IV, V, VI, VII, and VIII, respectively, in comparison with reference spectra obtained by (5 − 4cos − cos2 )/8 and (3 − 4cos + cos2 )/8 at Set I, respectively. Other WR angle sets for different φ besides the above eight values can also be readily found on the basis of Eq. (6), Eq. (7), and Fig. 2. Figs. 3(a) and 3(b) show the calculated flat-top and narrow band transmission spectra of the proposed filter, obtained at the eight WR angle sets (Sets I−VIII) of each mode in Table 1 in the wavelength range from 1549 to 1551 nm, respectively. In this calculation of the first-order comb spectra, the length L and birefringence B of each HBF were set as 7.2 m and 4.166 × 10 −4 to achieve λ = ∼0.8 nm at 1550 nm, respectively. It can be found from the figure that the first-order comb spectra, i.e., flat-top and narrow band spectra, red-shift while the WR angle set switches from Set I to Set VIII. If the wavelength of one transmission dip indicated as a red arrow is designated as λ 0 (=1549. Sets I, III, V, and VII, respectively. Closely spaced symbols and linear λ 0 response to φ directly tell us that the continuous and predictable frequency tuning is realizable. In consequence, this theoretical result obviously manifests that our filter can provide a continuous wavelength tuning function within λ by appropriately choosing WR angle sets of (θ
. Moreover, our filter can also offer complementary switching of transmission spectra by adding ± 45°to θ H 3 , that is, adding ±90°V Table 2 . Each inset shows the variation of λ 0 (indicated by a red arrow at Set I), obtained at the eight WR angle sets.
to the original angular difference between HBF 2 and the PBS. Here, the complementary switching implies that a certain transmittance t c is switched into a transmittance (1 − t c ). For example, a narrow band transmission spectrum with a transmission minimum at 1550 nm and an FSR of 0.8 nm can be replaced with a flat-top band transmission spectrum with a transmission minimum at 1550.4 nm through the complementary switching, which can be performed by controlling only θ H 3 . 
Experimental Results and Discussion
In order to experimentally verify the predicted wavelength tunability, the proposed filter was constructed using a four-port PBS (OZ Optics), three HWRs (OZ Optics), two QWRs (OZ Optics), and two equal-length bow-tie HBF segments of ∼7.12 m in length (Fibercore), as shown in Fig. 1 . All ports of the PBS, HWRs, and QWRs were pigtailed with 1-m-long single-mode fiber (SMF). The HBF birefringence was ∼4.166 × 10 −4 , so the FSR of the fabricated filter became ∼0.8 nm around 1550 nm. The transmission spectra of the filter were monitored using a broadband light source (Fiberlabs FL7701) and an optical spectrum analyzer (Yokogawa AQ6370C). Figs. 4(a) and 4(b) show flat-top and narrow band transmission spectra, measured at the eight WR angle sets (Sets I-VIII) of each mode in Table 2 , respectively. As predicted in the calculated spectra, when the WR angle set is changed from Set I to Set VIII, first-order comb spectra including flat-top and narrow band ones redshift step by step by 0.1 nm, resulting in a total wavelength displacement of ∼0.7 nm. Each inset of Fig. 4(a) or 4(b) shows the variation of λ 0 (indicated as a red arrow), obtained at the eight WR angle sets. As can be found from these insets, φ and λ 0 have highly linear relationship where an adjusted R 2 value is evaluated as ∼0.99914. In particular, it was also examined that arbitrary φ values from 0 to 2π besides nπ/4 (n = 1, 2, 3, 4, 5, 6, and 7) could be added to the transmittance function by choosing appropriate WR angles. That is to say, it is experimentally confirmed that the first-order comb spectra of our filter can be flexibly and continuously wavelength-tuned by selecting proper azimuth angle sets of the five WRs.
For the eight comb spectra in both transmission modes shown in Figs. 4(a) and 4(b), the average ILs were measured as ∼6.44 and ∼6.71 dB, respectively. Main sources of this IL are the ILs of the PBS and WRs and the fusion splicing loss between HBF and SMF. In the case of the flattop band spectra shown in Fig. 4(a) , the 3 dB passband bandwidth (measured as ∼0.524 nm) is wider by ∼31.3% than that of the zeroth-order comb spectrum. The average passband flatness was measured as ∼0.03 dB. In the narrow band spectra shown in Fig. 4(b) , the 3 dB bandwidth, measured as ∼0.320 nm, is narrower by ∼19.9% compared with that of the zeroth-order one. Figs. 5(a) and 5(b) show transmission spectra measured at a wider wavelength range from 1542 to 1558 nm in flat-top and narrow band modes, respectively. As can be confirmed from the figures, transmission passbands are well-spaced and even in intensity transmittance at both transmission modes. The spectral flatness between multiple passbands was measured as ∼0.30 dB in the flattop band mode and ∼0.05 dB in the narrow band mode at the wavelength range of 16 nm. For both transmission modes, the extinction ratio (ER) was measured as >20.29 dB at the above wavelength range. Deviations between theoretical and experimental WR angle sets in the tables seem to be caused by the slight birefringence of SMF pigtailed to the PBS and WRs. This anisotropy in the refractive index of the core of SMF changes the SOP evolution of light, and it becomes different from what is theoretically predicted in the propagation paths of Fig. 1(b) [29] . Moreover, the polarization independence of the filter was also checked using an additional polarization controller (Agilent 8169A), which was located before the input port of the filter (or port 1 of the PBS). The polarizationmodulation-induced intensity fluctuation was measured as < 0.5 dB, presumed to come from the polarization-dependent loss of an optical detector within the optical spectrum analyzer and the inequality of the ILs along both orthogonal axes of the PBS. In addition, the temperature effect on the filter performance should be considered. In terms of HBF and even SMF, a temperatureinduced change in birefringence or temperature-induced microbending may vary the SOP of light propagating through the optical elements comprising the filter. If the ambient temperature variation is within 1−2°C, this temperature-induced effect is negligible, but large temperature changes over 10°C or more can significantly deteriorate the filter operation. For filter operation stability, therefore, the entire filter apparatus can be hermetically sealed except for lead-in and lead-out fibers, and a thermoelectric cooler may be utilized for more robust operation.
Finally, the formation of the first-order comb spectra (i.e., flat-top and narrow band ones) and their wavelength tuning are revisited from the perspective of the wavelength-dependent evolution of the output SOP (SOP out ) of HWR 3, i.e., the final device before the polarizer in the CW path, on the Poincare sphere. Here only the CW path is considered for convenience, but there is no loss of generality because exactly the same can be done with the CCW path. Fig. 6(a) shows the calculated spectral evolution of the SOP out of HWR 3 within the FSR λ at the CW path in the flat-top band mode at θ B 1 = 10
• and θ B 2 = 30 • . As indicated by a red arrow, the SOP out traces out a droplet-shaped trajectory D 1 , whose pointed part lies at a point of (2ε = 0°, 2ψ = 0°) on the Poincare sphere, as the wavelength increases. Here, 2ε (−90°ࣘ 2ε ࣘ 90°) and 2ψ (−180°ࣘ 2ψ ࣘ 180°) are the latitude and longitude of the Poincare sphere, respectively. When the wavelength increases from λ 0 to λ 0 + λ, this SOP out makes one CCW revolution around the S 2 axis on the Poincare sphere. One of fifteen blue circles displayed on D 1 indicates the initial point R 1 of the spectral evolution, that is, the position of the SOP out at λ 0 , for one of fifteen φ values including 0 to 15π/8 with a step of π/8. For example, as the WR angle set is chosen as from Set I (φ = 0) to Set VIII (φ = 7π/4) in the flat-top band mode of Table 1 , R 1 varies from I to VIII on D 1 , moving CW around the S 2 axis on the sphere. Even for arbitrary θ B 1 and θ B 2 except for θ B 1 = 10
• and θ B 2 = 30 • , the same SOP out trajectory and spectral evolution can be obtained. Insets at top and bottom right show zoomed parts of D 1 near S 1 and −S 1 axes, i.e., passband and stopband regions, in the flat-top band mode, respectively. In the top-right inset, fifty magenta circles and five blue circles are displayed along the trajectory D 1 , but the bottom-right inset, whose surface area ( 2ε × 2ψ ) is the same as the top-right one, contains only twelve magenta circles and one blue circle. This clearly shows that much more wavelength components are used to implement a certain transmittance change t (e.g., 3 dB) in the top-right inset than in the bottom-right inset. This implies that passbands and stopbands are flattened and squeezed in the transmission spectrum, respectively. Fig. 6(b) shows the calculated spectral evolution of the SOP out of HWR 3 within the FSR λ at the CW path in the narrow band mode at θ B 1 = 10
• . Similarly, as indicated by a red arrow, the SOP out makes one CCW rotation around the S 2 axis along the trajectory D 2 of a droplet shape, whose pointed part is located at a point of (2ε = 0°, 2ψ = 180°) on the Poincare sphere, with the increase of wavelength from λ 0 to λ 0 + λ. Although D 2 is found for θ B 1 = 10
• , the same trajectory can also be obtained for any θ B 1 and θ B 2 . Actually, D 2 is symmetrical with D 1 with respect to the center of the Poincare sphere. One of fifteen blue circles displayed on D 2 corresponds to the initial point R 2 of the spectral evolution (at λ 0 ) for one of fifteen φ values including 0 to 15π/8 with a step of π/8. For example, while the WR angle set changes from Set I (φ = 0) to Set VIII (φ = 7π/4) in the narrow band mode of Table 1 , R 2 varies from I to VIII on D 2 , moving CW around the S 2 axis on the sphere. Top-and bottom-right insets show zoomed parts of D 2 near S 1 and −S 1 axes in the narrow band mode, respectively. Unlike the case of Fig. 6(a) , only twelve magenta circles and one blue circle are included in the top-right inset, whereas fifty magenta circles and five blue circles belong to the bottom-right inset. That is, the same amount of variation in the filter transmittance appears over a much narrower wavelength range in the top-right inset than in the bottom-right inset, which is responsible for the narrowing of the passbands.
In terms of the continuous wavelength tuning of transmission spectra, while the wavelength increases from λ 0 to λ 0 + 7 λ/8 at Set I, the SOP out of HWR 3 evolves from I to II (via VIII, VII, VI, V, IV, and III) moving CCW around the S 2 axis for both transmission modes (flat-top and narrow band ones), as shown in Fig. 6 . At this WR angle set, stopband and passband centers are located at λ stop = λ 0 and λ p ass = λ 0 + λ/2, respectively, because the SOP out of HWR 3 before the x-axis analyzer becomes LVP at λ 0 and LHP at λ 0 + λ/2, which correspond to points I and V on the Poincare sphere, respectively. At Set II, the spectral evolution of the SOP out of HWR 3 within the same wavelength span (from λ 0 to λ 0 + 7 λ/8) begins with II (at λ 0 ) and ends up with III (at λ 0 + 7 λ/8) on the trajectory D 1 or D 2 . This spectral evolution gets λ stop and λ p ass through λ 0 + λ/8 and λ 0 + 5 λ/8, respectively. For remaining six cases (Sets III−VIII), the starting point of the spectral evolution, i.e., R 1 or R 2 , changes from III to VIII, respectively, and the similar behavior of the SOP out can be said while the wavelength increases from λ 0 to λ 0 + 7 λ/8. As R 1 or R 2 moves from III to VIII, λ stop changes from λ 0 + λ/4 to λ 0 + 7 λ/8 (step: λ/8), with always satisfying λ p ass = λ stop + λ/2. In brief, Sets I−VIII in Table 1 allow φ in Eqs. (4) and (5) to be 0, π/4, π/2, 3π/4, π, 5π/4, 3π/2, and 7π/4, in sequence, and the first-order transmittance function red-shifts totally by 7 λ/8 during the transition from Set I to Set VIII. In other words, if D 2 ) indicate the initial point of spectral evolution at eight Sets (I−VIII) in Table 1 and seven intermediate sets, each one of which is sandwiched between two adjacent sets of the former eight Sets.
properly chosen, the first-order comb spectrum can be continuously frequency-shifted over a full wavelength range.
Conclusion
In summary, we demonstrated a polarization-independent wavelength-tunable first-order fiber comb filter based on the PDLC, which was composed of a PBS, two equal-length HBF segments, three HWRs, and two QWRs. A set of HWR 1 and QWR 1 controls the effective birefringence of HBF 1, and a set of HWR 2 and QWR 2 modifies not only the effective birefringence of HBF 2 but also the effective azimuthal angle of HBF 1 (seen by HBF 2). Moreover, HWR 3 following HBF 2 offers not only the adjustability of the effective azimuthal angle of HBF 2 (seen by an output analyzer) but also the complementary switching in both flat-top and narrow band transmission spectra. This is the first demonstration of the first-order fiber comb filter that has a continuous wavelength tuning capability irrespective of the azimuthal angles of high birefringent elements, or HBF segments. First, on the basis of the filter transmittance derived using Jones matrix formulation, eight azimuthal angle sets of the five WRs, which could induce eight phase shifts linearly increasing from 0 to 7π/4 with a step of π/4 in the transmittance function, were found at both flat-top and narrow band transmission spectra. It was confirmed from theoretical transmission spectra displayed at these eight selected WR angle sets that first-order comb spectra such as flat-top and narrow band ones could be continuously wavelength-tuned by appropriately adjusting the five WR angles. Then, this theoretical prediction was experimentally verified, and it was concluded that the first-order comb spectra could be located at any desired wavelength position for both flat-top and narrow band modes by controlling the five WR angles. Furthermore, the spectral evolution of the SOP out of HWR 3 was examined on the Poincare sphere for the selected WR angle sets. And the formation of the first-order comb spectra and their wavelength tuning were reinterpreted from the viewpoint of the SOP out evolution of HWR 3 on the Poincare sphere. Continuously tunable first-order comb spectra can be effectively applied to multiwavelength lasing and switching, waveband switching in multi-granular networks, microwave and optical signal processing, and optical sensor interrogation. Moreover, structural flexibility in adjusting the angular orientations of birefringent elements comprising a comb filter might facilitate miniaturization of this kind of filtering devices.
